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ABSTRACT
Blue straggler stars (BSS) are well studied in globular clusters but their systematic
study with secure membership determination is lacking in open clusters. We use Gaia
DR2 data to determine accurate stellar membership for four intermediate-age open
clusters, Melotte 66, NGC 2158, NGC 2506 and NGC 6819, and three old open clusters,
Berkeley 39, NGC 188 and NGC 6791, to subsequently study their BSS populations.
The BSS radial distributions of five clusters, Melotte 66, NGC 188, NGC 2158, NGC
2506, and NGC 6791, show bimodal distributions, placing them with Family II globular
clusters which are of intermediate dynamical ages. The location of minima, rmin, in
the bimodal BSS radial distributions, varies from 1.5rc to 4.0rc, where rc is the core
radius of the clusters. We find a positive correlation between rmin and Nrelax, the
ratio of cluster age to the current central relaxation time of the cluster. We further
report that this correlation is consistent in its slope, within the errors, to the slope of
the globular cluster correlation between the same quantities, but with a slightly higher
intercept. This is the first example in open clusters that shows BSS radial distributions
as efficient probes of dynamical age. The BSS radial distributions of the remaining two
clusters, Berkeley 39 and NGC 6819, are flat. The estimated Nrelax values of these two
clusters, however, indicate that they are dynamically evolved. Berkeley 39 especially
has its entire BSS population completely segregated to the inner regions of the cluster.
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1 INTRODUCTION
Blue Straggler Stars (BSS) are intriguing objects found in di-
verse environments such as globular clusters (Sandage 1953;
Fusi Pecci et al. 1992; Sarajedini 1993), open clusters (John-
son & Sandage 1955; Burbidge & Sandage 1958; Sandage
1962; Ahumada & Lapasset 1995), OB associations (Mathys,
G. 1987), Galactic fields (Preston & Snedon 2000), and
dwarf galaxies (Momany et al. 2007; Mapelli et al. 2009).
On color-magnitude diagrams (CMDs) of star clusters, BSS
are found along the extension of the main-sequence as the
brighter and bluer objects than the main-sequence turn off
point of the cluster (Sandage 1953). Their presence at these
locations on the CMDs suggests that processes that increase
the initial masses of stars are at work in these clusters. Ob-
servational evidences of BSS being more massive than other
member stars of the clusters have been reported (Shara et al.
1997; Gilliland et al. 1998; Ferraro et al. 2006; Fiorentino et
al. 2014). Mass transfer in binary systems (McCrea 1964),
? E-mail: kaushar@pilani.bits-pilani.ac.in
and stellar mergers resulting from direct stellar collisions
(Hills & Day 1976) have been considered as the two chief
mechanisms for the formation of the BSS.
BSS are considered crucial probes to study the inter-
play between stellar evolution and stellar dynamics (Bailyn
1995). Being the most massive objects of the clusters, their
radial distributions are expected to show observational sig-
natures of the dynamical friction working at drifting these
massive objects to the innermost regions of the cluster. Fer-
raro et al. (2012) discovered that the BSS radial distribu-
tions of 21 coeval globular clusters fall into one of the three
distinct families - flat (family I), bimodal (family II), and
centrally peaked (family III). As illustrated in Ferraro et al.
(2012), clusters with centrally peaked BSS radial distribu-
tions are dynamically most evolved with all of their most
massive members already in the innermost regions. Those
with the bimodal BSS radial distributions are of the inter-
mediate dynamical ages where the minima in the distribu-
tion, rmin, delineates the cluster region up to which the dy-
namical friction has been effective as yet. Finally clusters
with the flat radial distributions are the least dynamically
c© 2020 The Authors
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evolved clusters in which the dynamical friction has not yet
affected the initial spatial distribution of the BSS. Ferraro et
al. (2012) further reported a strong correlation between the
relaxation times of the family II clusters and the location
of rmin, which further substantiated their interpretation of
BSS radial distributions as indicators of the dynamical ages
of the clusters.
For the first time, Bhattacharya et al. (2019) reported
reliable BSS candidates of open cluster, Berkeley 17 (Phelps
1997), identified using Gaia DR2 data. They found a bi-
modal radial distribution of the BSS, similar to family II
globular clusters, which are of intermediate dynamical ages.
This open cluster was already found to show the effect
of mass segregation (Bhattacharya et al. 2017) and hence
known to be a dynamically evolved cluster. Bhattacharya
et al. (2019) showed the first example of how the use BSS
radial distributions can allow us to make comparison of the
dynamical ages of open clusters with those of the globular
clusters. Recently Rain et al. (2020) presented BSS popu-
lation of another old open cluster Collinder 261 using Gaia
DR2 data and radial velocity data from FLAMES@VLT.
They found a flat BSS radial distribution implying that
Collinder 261 is a dynamically young cluster. It is impor-
tant to study BSS radial distributions in more open clusters
to know whether open clusters show the same three fami-
lies of BSS radial distributions. Globular clusters and open
clusters differ particularly in terms of age, metallicity, and
stellar density. Studying BSS populations in open clusters
can offer significant insight into the BSS formation scenario
and their role in cluster evolution.
The rest of the paper is organized as follows. Section 2
gives information about the Gaia DR2 data used in this
work, and the selection of open clusters analyzed here, Sec-
tion 3 details the method we used for the membership deter-
mination, Section 4 gives our results, and finally Section 5
presents a discussion on our results.
2 DATA AND CLUSTER SELECTION
We use Gaia DR2 (Gaia Collaboration, et al. 2018) data
to study the BSS of open clusters. Gaia DR2 data provides
stellar positions RA (α) and DEC (δ), proper motions in
RA (µαcosδ) and in DEC (µδ), and parallaxes (ω) with a
limiting magnitude of G=21 mag for more than 1.3 billion
sources (Lindegren et al. 2018). The unique advantage with
Gaia DR2 is the unprecedented precision that it offers, e.g.,
in parallax measurements, up to 0.04 milli-arc-second (mas,
hereafter) for G < 15 mag sources, ∼0.1 mas for G = 17
mag, and up to 0.7 mas for fainter G > 20 mag sources, in
proper motions, up to 0.06 mas yr−1 for G < 15 mag, ∼0.2
mas yr−1 for G = 17 mag, and 1.2 mas yr−1 for G > 20 mag.
For each open cluster, using the Gaia DR2 proper motions,
parallaxes, and radial velocities when available, we identify
cluster members including BSS and red giant branch stars
(hereafter RGB or reference) populations.
The most comprehensive catalog of BSS in open clus-
ters containing 1887 BSS candidates of 427 open clusters was
developed by Ahumada & Lapasset (2007, hereafter AL07).
They used the photometric data of open clusters through
Table 1. Target Open Clusters
Cluster RA DEC. No. of BSS
(deg) (deg) (AL07)
Berkeley 39 116.6750 −4.6000 43
Melotte 66 111.5958 −47.6666 35
NGC 188 11.8666 +85.2550 24
NGC 2158 91.8541 +24.0966 40
NGC 2506 120.0041 −10.7700 15
NGC 6791 290.2208 +37.7716 75
NGC 6819 295.3250 +40.1866 29
Open Cluster Database WEBDA1 (Mermilliod & Paunzen
2003), with membership information in only a small num-
ber of clusters. We selected ∼90 clusters having ≥10 BSS
in the AL07 catalog. In order to obtain more reliable mem-
bership information of these BSS populations of clusters, we
made use of the Gaia DR2 data to identify cluster members.
Our membership analysis as outlined in Section 3 revealed
many inconsistencies in the BSS of various open clusters
when compared with the AL07 catalog. For instance, in sev-
eral clusters the numbers of BSS as reported in AL07 ap-
peared significantly overestimated when compared with our
membership criteria. Carraro et al. (2008) had also pointed
out similar caveat in the AL07 catalog, namely, the numbers
of BSS tend to correlate with the Galactic latitudes of the
given clusters. It is evident that using the Gaia DR2 kine-
matic information, reliable BSS populations of clusters can
be derived. From our work on the ∼90 open clusters, we got
around 15 open clusters with reasonably large numbers of
BSS (≥15) that would allow a meaningful statistical compar-
ison of their radial distribution with respect to a reference
population. We present here analysis of seven of those clus-
ters. The analysis of the remaining clusters with ≥15 BSS
will be presented elsewhere (in preparation Rao et al. 2020).
Table 1 lists the 7 target clusters whose BSS popula-
tions we are presenting in this work. Four of these clusters,
Melotte 66, NGC 2158, NGC 2506, and NGC 6819 are inter-
mediate age ∼2-3 Gyr, whereas three clusters, Berkeley 39,
NGC 188, and NGC 6791 are old ∼6-8 Gyr. The numbers
of AL07 BSS candidates in these open clusters range from
15 to 75.
3 METHODOLOGY
3.1 Proper Motion and Parallax Ranges for
Selection of Member Stars
In order to determine the proper motion and the parallax
ranges for our membership selection criteria, we first down-
loaded Gaia DR2 data for a small 10′ field around the cluster
center for all the clusters. Next, we plotted scatter diagrams
of proper motions in RA (µαcosδ) versus proper motions in
DEC (µδ) for each cluster. By visually examining these plots,
we first fixed an initial range of proper motions to select
sources whose proper motions appeared distinct from field
1 https://webda.physics.muni.cz/navigation.html
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3Figure 1. The left panel shows a scatter diagram of proper motions of sources within 10′ of the center of NGC 2158. The rectangular
region on this panel shows our initial range of proper motions fixed by visual examination of the distributions. The two middle panels
show the histograms of proper motions in RA and DEC of the selected sources, respectively. The fitted Gaussian functions are overplotted
on the distributions. The right panel shows the distribution of proper motions of selected sources, with the proper motions of previously
confirmed spectroscopic members shown as red open circles, and their mean position shown with a red filled circle. The peak position
calculated from the mean shift algorithm is shown as a black plus symbol. The same figure for the other clusters is given in the Figure A1.
Table 2. For each cluster (Column 1), the mean value of the proper motion (RA) determined from the Gaussian fit along with its
standard deviation (Columns 2 and 3), the peak value (RA) determined by the mean shift method (Column 4), the mean proper motion
(RA) of the previously known confirmed spectroscopic member stars (Column 5), the mean value of the proper motion (DEC) determined
from the Gaussian fit along with its standard deviation (Columns 6 and 7), the peak value (DEC) determined by the mean shift method
(Column 8), and the mean proper motion (DEC) of the previously known confirmed spectroscopic member stars (Column 9).
Cluster Gmean (RA) σ (RA) Peakms (RA) Meanmem (RA) Gmean (DEC) σ (DEC) Peakms (DEC) Meanmem (DEC)
(mas/yr) (mas/yr) (mas/yr) (mas/yr) (mas/yr) (mas/yr) (mas/yr) (mas/yr)
Berkeley 39 −1.726 0.234 −1.728 −1.712±0.081 −1.645 0.173 −1.640 −1.649±0.050
Mellote 66 −1.475 0.198 −1.479 −1.480±0.074 2.740 0.183 2.738 2.732±0.088
NGC 188 −2.305 0.164 −2.300 −2.320±0.148 −0.948 0.146 −0.955 −0.952±0.160
NGC 2158 −0.184 0.245 −0.182 −0.198±0.109 −2.006 0.222 −2.011 −2.009±0.103
NGC 2506 −2.573 0.191 −2.572 −2.587±0.114 3.908 0.141 3.904 3.944±0.126
NGC 6791 −0.422 0.240 −0.419 −0.438±0.101 −2.270 0.282 −2.274 −2.253±0.113
NGC 6819 −2.907 0.176 −2.912 −2.919±0.122 −3.865 0.193 −3.867 −3.853±0.122
stars. The left panel in Figure 1 shows this scatter diagram
for a representative cluster, NGC 2158. The rectangular re-
gion marks our initial ranges of proper motions. Next, we
fitted Gaussian distributions to the proper motions of these
selected sources and determined the mean (Gmean) and the
standard deviation (σ) of the distribution. The two middle
panels of Figure 1 show the Gaussian fitting to the proper
motion distributions in RA and DEC, respectively. We also
used the mean shift-based clustering algorithm (Comaniciu
et al. 2002) to find the peak positions in the distributions of
the proper motions of these selected sources. The right panel
in Figure 1 shows the proper motions of the selected sources
with this peak value of the proper motions determined using
the mean shift method (Fukunaga & Hostetler 1975) marked
with a black plus symbol. The proper motions of the con-
firmed spectroscopic members of the cluster are shown with
red open circles and their mean is marked with a red filled
circle. The same figure as Figure 1 but for the other clus-
ters is given in Figure A1. In Table 2, we list the mean
values of the proper motions determined from the Gaus-
sian fitting, Gmean, along with their standard deviations,
σ, the peak values determined by the mean shift method,
and the mean proper motion of the previously known con-
firmed spectroscopic member stars for comparison. For se-
lection of cluster members, we tried seven proper motion
ranges, Gmean±2σ, Gmean±2.5σ, Gmean±3σ, Gmean±3.5σ,
Gmean ± 4σ, Gmean ± 4.5σ, and Gmean ± 5σ.
For parallax ranges to select member stars, we used
the mean Gaia DR2 values of parallaxes of the confirmed
spectroscopic member stars of clusters and their errors. We
tried three parallax ranges using the mean parallax value,
ω¯, and the mean in parallax errors, ∆ω¯, namely, ω¯ ±2∆ω¯,
ω¯ ±2.5∆ω¯, and ω¯ ±3∆ω¯.
Along with the Gaia DR2 proper motions and paral-
laxes, we made use of the previously known confirmed spec-
troscopic members to select our members. For four of our
clusters, radial velocity data under the WIYN Open Cluster
Survey (WOCS) have been published earlier which we uti-
lize here. Geller et al. (2008) presented radial velocity data
of more than 1000 sources in NGC 188 confirming mem-
bership for 473 sources. Of these 320 confirmed members
are within our adopted radius of the cluster (Section 3.2).
Tofflemire et al. (2014) presented the radial velocities for
280 evolved sources of NGC 6791 confirming membership of
111 sources. Most of these confirmed members are in our
adopted radius of this cluster (Section 3.2). Milliman et al.
(2014) presented the WIYN radial velocity data for 2641
sources in NGC 6819 confirming membership for 679 can-
MNRAS 000, 000–000 (2020)
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Figure 2. The parallax distribution of proper motion selected
sources for the cluster NGC 2158 is shown in blue histogram.
The orange histogram shows the parallax distribution of proper
motion selected sources with their parallaxes within the range ω¯
±3∆ω¯, where ω¯ is the mean Gaia DR2 parallax, and ∆ω¯ is the
mean error in the Gaia DR2 parallaxes of the previously known,
spectroscopically confirmed members of the cluster. The same
figure showing parallax distributions of the other clusters is given
in Figure A2.
didates, almost all within our adopted range of the cluster.
Anthony-Twarog et al. (2018) presented WIYN radial ve-
locity data for 287 stars in the cluster NGC 2506, confirm-
ing membership of 191 sources. Surprisingly in this cluster,
Gaia counterparts of only 26 sources were found. Bragaglia
et al. (2012) presented VLT/FLAMES spectra for 29 evolved
sources in Berkeley 39, all of which are within our adopted
radius (Section 3.2). For the remaining two clusters, Melotte
66 and NGC 2158, spectroscopy for 8 red clump sources were
presented by Sestito et al. (2008) and Smith & Norris (1984);
Jacobson, Friel & Pilachowski (2009), respectively.
To judge which range of proper motions and parallaxes
is most appropriate for selection of cluster members, we con-
sidered the retrieval-rate of the previously known confirmed
spectroscopic member stars as one criteria, and minimiza-
tion of the contamination as seen in the CMD as the other
criteria. Figure 2 shows proper motion selected sources,
and overlaid on them proper motion plus parallax selected
sources for a representative cluster, NGC 2158. The same
figure as Figure 2 but for the other clusters is given in Fig-
ure A2. In almost all the clusters, for proper motion range,
Gmean ± 2.5σ, and for parallax, ω¯ ±3∆ω¯, satisfied both of
the above criteria. In the last step, we used the cluster radii
determined as explained in Section 3.2 to add members to
our initial sample of 10′ field to prepare our complete cluster
catalogs.
3.2 Cluster Centers and Cluster Radii
To estimate the radii of our clusters and use it further to
build the complete catalogs of our clusters, we downloaded
Gaia DR2 sources for a large field of 40′ radius around the
cluster centers. Next, we plotted radial distributions of the
sources to estimate the radius of each cluster. Figure 3 shows
Figure 3. The radial distribution of sources with proper motions
and parallaxes within the range of selection criteria for the mem-
bers of the cluster, NGC 2158. The estimated radius and tidal
radius (see Section 4.1) of the cluster are marked on the figure.
The same figure for other clusters is given in Figure A3.
this radial distribution for our representative cluster, NGC
2158. The cluster radius is estimated as the radius at which
the cluster radial distribution merges with the field stars
distribution. The same figure as Figure 3 but for the other
clusters is given in Figure A3. The estimated cluster radii
are listed in Table 3. The final catalogs of the clusters are
compiled using these values of the cluster radii.
Since the knowledge of accurate cluster center coordi-
nates is important for the analysis that we have carried out,
we determined the cluster centers using our final catalogs
of clusters following two different methods, the mean shift
algorithm (Comaniciu et al. 2002) to determine the dens-
est points in the RA and DEC coordinates, and the fitting
of Gaussian functions to frequency distributions of RA and
DEC to determine the mean RA and DEC positions. Fig-
ure 4 shows the mean shift algorithm applied to RA and
DEC of the cluster NGC 2158 in the left panel, and the
Gaussian fits to RA and DEC frequency distributions of the
same cluster in the middle and the right panels, respectively.
The same figure as Figure 4 but for the other clusters is
given in Figure A4. In Table 4, we give the cluster centers
determined by both the methods for all the clusters.
4 RESULTS
4.1 Radial Density Profiles
We plotted radial density profiles of the cluster members
using the cluster centers determined as explained in Sec-
tion 3.2. The plot for NGC 2158 is shown in Figure 5. We
have fitted King’s function to the radial distribution of the
cluster (King 1962). In order to fit the King’s function, we
first divided the range of cluster radius in ∼30 equal radius
bins. We then plotted the logarithm of the number density
against the radius for each bin. The King’s function is seen
to fit well to the clusters (see the Figure A5 in appendix
for the remaining clusters). The resultant parameters, core
MNRAS 000, 000–000 (2020)
5Table 3. The parameters of clusters, age (Column 2), distance (Column 3), metallicity (Column 4), mean extinction in G band (Column
5), mean color excess E(BP −RP ) (Column 6), estimated radius of the cluster (Column 7), core radius (Column 8), tidal radius (Column
9), location of minima in the bimodal BSS radial distribution in units of core radius (Column 10), central relaxation time of the cluster
(Column 11), the ratio of cluster age to its central relaxation time (Column 12), the literature values of age, distance, and metallicity
(Columns 13, 14, and 15).
This Work Literature
Cluster Age d Metallicity AG E(BP −RP ) Radius rc rt rmin/rc trc Nrelax Age d Metallicity
(Gyr) (parsec) (Z) (mag) (mag) (′) (′) (′) (Myr) (Gyr) (parsec) ([Fe/H])
Berkeley 39 6.0 4254 0.0127 0.30 0.20 14 1.9 20.5 – 78 76.9 6–8 4000 −0.20
Mellote 66 3.4 4847 0.010 0.50 0.20 15 2.9 25.1 1.68 186 18.3 4–7 4700 −0.51 – −0.33
NGC 188 7.0 1800 0.018 0.34 0.24 30 4.1 48.7 3.25 90 77.7 7 1900 0.30
NGC 2158 1.9 4250 0.0186 1.0 0.53 11 1.4 22.0 4.025 43 44.2 1–2 4000 −0.63 – −0.3
NGC 2506 2.0 3110 0.008 0.23 0.10 22 2.7 42.6 1.3875 150 13.3 1.85 3548 −0.27
NGC 6791 8.5 4475 0.015 0.30 0.26 14 2.4 24.7 2.5 216 39.3 8 4000 0.31
NGC 6819 2.4 2652 0.019 0.20 0.20 15 2.3 47.0 – 60 40.0 2.5 2992 0.09
Berkeley 39: Age – Kassis et al. (1997); Kaluzny et al. (1989), distance – Kaluzny et al. (1989), metallicity – Bragaglia et al. (2012)
Mellote 66: Age – Friel et al. (1993); Kassis et al. (1997), distance – Carraro et al. (2014), metallicity – Friel et al. (1993); Sestito et
al. (2008)
NGC 188: Age – Sarajedini et al. (1999), distance – Sarajedini et al. (1999), metallicity – Friel, Jacobson & Pilachowski (2010)
NGC 2158: Age – Arp & Cuffey (1962), distance – Carraro, Girardi & Marigo (2002), metallicity – Carraro, Girardi & Marigo (2002);
Jacobson, Friel & Pilachowski (2009)
NGC 2506: Age – Anthony-Twarog, Deliyannis & Twarog (2016), distance – Anthony-Twarog, Deliyannis & Twarog (2016), metallicity
– Anthony-Twarog et al. (2018)
NGC 6791: Age – Cunha et al. (2015), distance – Cunha et al. (2015), metallicity – Villanova et al. (2018)
NGC 6819: Age – Rosvick & Vandenberg (1998), distance – Kalirai et al. (2001); Balona et al. (2013); Brewer et al. (2016), metallicity
– Bragaglia et al. (2001)
Figure 4. The left panel shows the result of the mean shift clustering algorithm to determine the cluster center for NGC 2158. The
middle and the right panels show the frequency distributions of cluster members in RA and DEC, respectively, and Gaussian functions
fitted to the distributions. The same figure with cluster center determinations for the other clusters is given in the Figure A4.
radii (rc) and tidal radii (rt) are listed in Table 3, and these
along with the normalization factor A are as well marked on
the figures.
4.2 Color Magnitude Diagrams
We plot the CMDs of the clusters using our identified clus-
ter members. To fit the isochrones, we downloaded PAR-
SEC isochrones (Bressan et al. 2012) of the known ages and
metallicity values from the literature (see references in Ta-
ble 3), and used the mean value of the distances of our bright
(G < 15 mag) members (Bailer-Jones et al. 2018) along
with the median values of the extinctions in the G magni-
tude, AG, and reddening, E(BP -RP ), of our members, avail-
able in the Gaia DR2. For some CMDs, some fine-tunning
of parameters was necessary to fit the isochrones to mem-
bers. In such instances, we varied the metallicity, AG, and
E(BP -RP ) values, keeping the distance, and age fixed, to
obtain the best fitting of the isochrones. Sources with G ≤
TOMag+0.5, and BP−RP ≤ TOCol−0.05, where TOMag and
TOCol are the magnitude and the color of the main-sequence
turn-off point, respectively, were identified as our BSS can-
didates (blue solid squares). Sources with G ≤ TOMag−0.5,
and BP − RP redder than the color value of the bottom of
the red-giant branch of the PARSEC isochrone were identi-
fied as our RGB candidates (red solid squares). The CMD of
NGC 2158 is shown in Figure 6. The previously known spec-
troscopically confirmed members of the clusters are shown
MNRAS 000, 000–000 (2020)
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Table 4. Comparison of cluster center coordinates determined by the mean shift algorithm and fitting of Gaussian functions.
Mean Shift Mean Shift Gaussian Gaussian
Cluster RA (deg) DEC (deg) RA (deg) DEC (deg)
Berkeley 39 116.69925 −04.66973 116.70279±0.05 −04.66830±0.05
Mellote 66 111.58094 −47.68514 111.57993±0.09 −47.68661±0.06
NGC 188 011.82039 +85.23955 011.81136±1.28 +85.24355±0.10
NGC 2158 091.86376 +24.09921 091.86288±0.04 +24.09921±0.04
NGC 2506 120.01196 −10.77474 120.01064±0.08 −10.77394±0.07
NGC 6791 290.22079 +37.77634 290.21958±0.07 +37.77634±0.05
NGC 6819 295.33109 +40.18865 295.33021±0.10 +40.18965±0.07
Figure 5. The radial density profile of the cluster members is
shown with King’s function fitting. The error bars represent 1σ
Poisson errors. The same figure showing the fitting of the King’s
function to the radial density profile of the other clusters is given
in Figure A5.
as black open circles. Figure A6 gives the CMDs of the re-
maining clusters. Table 3 gives the parameters of the fitted
isochrones, and a comparison of the known parameters from
the literature.
4.3 BSS Populations
NGC 2158 and NGC 6791 are rich in both BSS and RGB
populations containing more than 40 BSS candidates each,
and 137 and 243 RGB candidates, respectively. NGC 188,
NGC 2506, and Berkeley 39 have 20–30 BSS candidates and
55–75 RGB candidates. Melotte 66 contains 14 BSS candi-
dates, the least among our clusters, but contains 106 RGB
candidates. NGC 6819 contains 14 BSS candidates and 68
RGB candidates. In most of the clusters, BSS candidates
are up to 2–2.5 mag brighter in the G band from the main-
sequence turn-off point. NGC 2158 and NGC 2506 contain
a bright BSS candidate each, which is ∼3 mag brighter
than the main-sequence turn-off point. All the clusters ex-
cept NGC 188 show presence of a significant red clump with
confirmed spectroscopic members in several clusters such as
Melotte 66, NGC 2158, NGC 2506, and NGC 6791.
 11
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Figure 6. The CMD of the cluster NGC 2158 is shown with
the fitted PARSEC isochrones. Our BSS are marked as blue solid
squares, BSS from AL07 (if any) are marked as green open trian-
gles, and BSS known with spectroscopy data in the literature (if
any) are marked as magenta open circles. Previously known spec-
troscopically confirmed members Jacobson, Friel & Pilachowski
(2009) and Smith & Norris (1984) are marked as black open cir-
cles. Our RGB populations are marked as red solid squares. Fig-
ure A6 shows the CMDs of the other clusters.
We compared our BSS candidates with AL07 BSS can-
didates of the clusters, as well as with the confirmed BSS
of the three clusters, NGC 188 (Geller et al. 2008), NGC
6791 (Tofflemire et al. 2014), and NGC 6819 (Milliman et
al. 2014). In AL07, the sources of photometric information
are listed in their Table 1 (Ahumada & Lapasset 2007). We
referred to WEBDA and any data linked on ADS2 to the ref-
erences of the photometric data, to obtain the RA and DEC
of the AL07 BSS. The comparison of our BSS candidates
with AL07 catalogs has only been possible for those sources
whose RA and DEC information has been found from the
above mentioned resources. For NGC 188, NGC 6791, and
NGC 6819, our comparison with the known spectroscopi-
cally confirmed BSS populations lends a confirmation to our
membership analysis. Using the available spectroscopic in-
formation of other member stars of these three clusters, we
2 https://ui.adsabs.harvard.edu
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7Table 5. Comparison of the BSS candidates identified in this work with the BSS known in the literature: numbers of BSS candidates
and numbers of new BSS candidates identified in this work (Columns 2 and 3), numbers of BSS candidates in the AL07 catalog (Column
4), AL07 BSS candidates that are found members according to our criteria (Column 5), BSS candidates that are common with the AL07
catalog (Column 6), numbers of confirmed BSS in the literature (Column 7), known BSS from the literature that are found members
according to our criteria (Column 8), BSS candidates that are common with the confirmed BSS from the literature (Column 9).
This work AL07 Literature
Cluster NBSS New BSS NBSS Members Common BSS NBSS Members Common BSS
Berkeley 39 23 9 42 16 14 – – –
Mellote 66 14 5 35 9 9 – – –
NGC 188 24 8 24 18 16 20 18 16
NGC 2158 40 – 40 – – – – –
NGC 2506 28 22 15 6 6 – – –
NGC 6791 47 32 75 18 15 7 6 6
NGC 6819 14 2 29 3 2 17 12 12
NGC 188: Geller et al. (2008)
NGC 6791: Tofflemire et al. (2014)
NGC 6819: Milliman et al. (2014)
also ascertain membership of our new, previously unknown
BSS candidates in these clusters, and discard them if they
are found to be either confirmed or likely non-members. Ta-
ble 5 gives a summary of the comparison of our BSS candi-
dates with the previously known BSS.
4.3.1 NGC188
We identified 26 BSS candidates in NGC 188. The BSS pop-
ulations of NGC 188 have been studied in great detail. In
particular, Geller et al. (2008) found 20 confirmed BSS based
on the radial velocities of sources from WIYN data. Due to
our conservative membership criteria based on Gaia DR2
proper motions and parallaxes, 2 of the Geller et al. (2008)
BSS are not identified as members by us. Of the 18 BSS of
Geller et al. (2008) that we find members, 16 are also our
BSS candidates. One BSS of Geller et al. (2008) is very close
to the main-sequence in our CMD, and thus is not included
in our BSS candidates. Geller et al. (2008) also mentioned
that this particular BSS (source #1366) has a low (23%)
membership probability based on its proper motion and is
located at 29.6′ from the cluster center. The second BSS
from Geller et al. (2008) appears on RGB in our CMD and
has been corrected in the author’s later work (Geller, Hur-
ley & Mathieu 2013). We found 10 new BSS candidates that
are not included in the list of Geller et al. (2008). Of these,
four sources are listed as binary with unknown membership
“BU” whereas one source is listed as a single source with
unknown membership “U” by Geller et al. (2008). Sources
with unknown membership in Geller et al. (2008) lack com-
plete orbit solution in case of binary sources, and lack at
least three separate observations of radial velocity with a
base-line of one year in case of single sources. Two new BSS
candidates are identified as members by Geller et al. (2008)
but they do not group them into BSS possibly because they
are closer to the main-sequence in their CMD. Two of our
new BSS candidates are classified as likely non-members or
non-members by Geller et al. (2008), and for one new BSS
candidate there is no information in Geller et al. (2008). We
drop the two likely non-members from further analysis but
retain remaining eight new BSS candidates which are either
members or with candidates with unknown membership or
without information in Geller et al. (2008) in our analysis.
This leaves us with 24 BSS candidates in this cluster, 8 of
which are new candidates (Table 5).
4.3.2 NGC6791
NGC 6791 has 48 BSS candidates, the highest among the
clusters that we present in this work. Ahumada & Lapasset
(2007) had reported 75 BSS in NGC 6791 based on the pho-
tometric study of the cluster by Kaluzny (1990). We found
Gaia counterparts of all of these sources within 1′ search ra-
dius of the RA, DEC positions from Kaluzny (1990). How-
ever, only 18 of these 75 sources are our members, and 15
are our BSS candidates. Tofflemire et al. (2014) presented
radial velocities of the evolved populations of NGC 6791 in
their WIYN open cluster study. Within our adopted clus-
ter radius, they found 7 BSS which are confirmed members
based on their radial velocities. All but one of these BSS have
been identified as BSS candidates in our analysis. From our
42 new BSS candidates which are not identified as BSS by
Tofflemire et al. (2014) (though 9 of them are common with
AL07), the membership analysis is available for 8 sources
in Tofflemire et al. (2014). One of these sources is a con-
firmed member, 5 are single sources with unknown mem-
bership including two rapid rotators, one is a binary with
unknown membership, and a single source is a binary likely
non-member. The remaining 34 new BSS candidates lack
observations in Tofflemire et al. (2014) probably as they are
below their cut-off magnitude for the targets (V=16.8 mag).
After removal of one likely non-member from our BSS list,
we are left with 47 BSS candidates in this cluster of which
32 are new candidates as listed in Table 5.
MNRAS 000, 000–000 (2020)
8 K. Vaidya et al.
4.3.3 NGC6819
We found 18 BSS candidates in NGC 6819. In the WIYN
study of the cluster, Milliman et al. (2014) found 17 BSS
candidates, of which 12 were chosen for detailed Barium
abundance study by Milliman, Mathieu & Schuler (2015).
According to our membership criteria, 5 of these 17 BSS are
not members because their parallaxes are significantly out
of the range that we have chosen as membership criteria.
The remaining 12 BSS of Milliman et al. (2014) are our
BSS candidates. We have 6 new BSS candidates, but four
of these are likely non-members according to Milliman et
al. (2014), one source has an unknown membership whereas
one has not been observed by Milliman et al. (2014). After
discarding the 4 likely non-members, we have a total of 14
BSS candidates in this cluster, of which two are new BSS
candidates.
4.3.4 Berkeley 39
We identify 23 BSS candidates in this cluster. Ahumada &
Lapasset (2007) had reported 42 BSS in Berkeley 39. Only 16
of the AL07 BSS are identified as members in our criteria,
of which 14 are our BSS candidates. We find 9 new BSS
candidates in this cluster.
4.3.5 Melotte 66
Melotte 66 is the cluster with the least number of BSS in
our analysis. We found 14 BSS in this cluster. Ahumada &
Lapasset (2007) had reported 35 BSS in Melotte 66, only 9
of their BSS are common with our BSS candidates. We find
5 new BSS candidates in this cluster.
4.3.6 NGC2158
We found 40 BSS candidates in NGC 2158. AL07 had also
found 40 BSS candidates in this cluster, however, no posi-
tional information of these sources were found in the liter-
ature. Hence, we could not make a comparison of our BSS
candidates with AL07 BSS candidates.
4.3.7 NGC2506
We detect 28 BSS candidates in this cluster. Ahumada &
Lapasset (2007) listed 15 BSS in this cluster, 6 of which
are common with our BSS candidates. We find 22 new BSS
candidates, with two of them being bright BSS sources which
have not been reported so far.
4.4 BSS as Probes of Dynamical Evolution
Being the most massive objects of the clusters, BSS are ex-
pected to be the most affected by the effect of dynamical
friction that produces the segregation of massive stars to-
ward the cluster center. The bimodality in the BSS radial
distributions was first discovered by Ferraro et al. (1997) in
the globular cluster, M3, in their UV HST and ground-based
optical wavelengths study of the cluster. Such a bimodality
was then discovered in a large majority of the globular clus-
ters, with only a small fraction of globular clusters show-
ing no external upturn, and another small fraction showing
completely flat BSS radial distributions, e.g., see references
in Ferraro et al. (2015). In their work, Ferraro et al. (2012)
made use of RGB or horizontal branch stars (HB) as a refer-
ence population and plotted the ratio, NBSS/NRGB, against,
the radial distance in units of rc. The three families of clus-
ters have undergone varying degrees of dynamical evolution
with family I being the least dynamically evolved to family
III being the most dynamically evolved. In family II clusters,
the location of minima in the distribution, rmin, systemati-
cally moves outward for more dynamically evolved clusters.
We plotted cumulative radial distributions of BSS and
RGB (our reference population) for these clusters. Figure 7
shows the plots where normalized numbers of the two pop-
ulations are plotted on the y-axis and the radial distance,
in the units of the core radius (rc), is plotted on the x-
axis. For a meaningful comparison between the numbers of
BSS and RGB, we consider only candidates within the same
magnitude range of the two populations in this analysis (as
mentioned on Figure 7). In three clusters, Melotte 66, NGC
2158, and NGC 2506, BSS are more concentrated than the
RGB for the entire extent of the cluster. Melotte 66 shows a
dip in the BSS frequency distribution at r ∼2.5rc, but still
shows BSS population to be more concentrated throughout
the cluster extent. NGC 2506 shows no BSS in the regions
beyond r ∼3rc. The radial distributions of three clusters,
NGC 188, NGC 6791, and NGC 6819 show their BSS popu-
lations to be more concentrated in the inner regions, but less
concentrated in the outer regions. In the cluster NGC 6819,
the two distributions do not look much distinct in the outer
regions, however in the central regions BSS population looks
more concentrated. Berkeley 39 showed no differences in the
radial distributions of the two populations. For four of our
clusters, the Kolmogorov-Smirnov test yields a high prob-
ability (≥ 95%) that the two populations, BSS and RGB,
are not derived from the same parent population. These are
Melotte 66 (98.2%), NGC 188 (96.8%), NGC 2506 (99.8%)
and NGC 6791 (98.2%). For NGC 2158, the test gives a low
distinction, 88% between the BSS and RGB populations.
In Figure 8, we show the ratio of the numbers of the
two populations, NBSS/NRGB, against the radial distance,
r, in units of rc. As in Figure 7, in this analysis as well, we
include only those BSS and RGB candidates which are in
the same magnitude range in each cluster. The NBSS/NRGB
are divided in equal sized bins in r/rc such that each bin has
at least 1 BSS, except the end bins where there are no BSS
left. In five of our clusters, Melotte 66, NGC 188, NGC 2158,
NGC 2506, and NGC 6791, the radial distribution is seen to
peak at the center, falling with radius until a certain radius,
rmin, and showing a rising trend again beyond this radius.
The mean value of the bin in which the distribution falls to a
minima, is called rmin, and is listed in Table 3 for each clus-
ter. To evaluate the bimodality visible in these radial distri-
butions, we performed Hartigan’s dip statistic (Hartigan &
Hartigan 1987) test. The dip test, based on null-hypothesis
logic, works by finding the maximum difference between the
empirical distribution function and the unimodal distribu-
tion function that minimizes this maximum difference. The
test result with p-values smaller than 0.05 suggests signifi-
cant bimodality (or multimodality) in the distribution, and
with p-values smaller than 0.1 but greater than 0.05 suggests
marginal bimodality (or multimodality) in the distribution
(Freeman & Dale 2013). The results of the dip test that we
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on the y-axis, and the radial distance in the units of core radius, rc, is plotted on the x-axis.
performed, the dip statistic (D) and the p-value, are men-
tioned on the plot of each cluster (Fig. 8). According to our
analysis, Melotte 66, NGC 188, and NGC 2506 show sig-
nificant bimodality whereas NGC 2158 and NGC 6791 show
marginal bimodality. We conclude that these five clusters are
Family II type, as defined by Ferraro et al. (2012), and are
of intermediate dynamical ages. The remaining two clusters,
Berkeley 39 and NGC 6819, show flat radial distributions.
The dip tests for these two clusters also fail to detect bi-
modality in these two clusters. We thus classify these two
clusters as Family I type, as defined in Ferraro et al. (2012),
but discuss their dynamical status in detail in Section 5.
To test the scenario that the shift in the location of
rmin in these five clusters with bimodal distributions, is sug-
gestive of their dynamical ages, we estimated central relax-
ation times, trc, using the equation, trc = 1.491 × 107 yr ×
k
ln(0.4N∗) 〈m∗〉
−1ρ1/2M,0 r
3
c , where k ≈ 0.5592, N∗ is the esti-
mated number of stars in the cluster, 〈m∗〉 is an average
stellar mass in solar units, and ρM,0 is the central mass den-
sity in M/pc3 (Djorgovski 1993). For this calculation, the
average stellar mass and the central mass density were em-
pirically estimated using the member stars for each clus-
ter. With these values of the central relaxation times, trc,
and the cluster ages (Table 3), we estimated a theoretical
parameter, indicative of the dynamical age of the cluster,
Nrelax = Age/trc, i.e. the numbers of current central relax-
ation times occurred since the cluster formation. The two pa-
rameters, trc and Nrelax, of the clusters are listed in Table 3.
The plot between logarithm of Nrelax and the logarithm of
rmin/rc for our Family II clusters (blue filled circles) is shown
in Figure 9. On the same plot, we also show data-points of
21 globular clusters (red filled circles) taken from Table 1 of
Lanzoni et al. (2016). In order to plot the globular cluster
data-points, we computed the Nrelax values of the globular
clusters by dividing the central relaxation times, trc, avail-
able in the Table 1 of Lanzoni et al. (2016) from the mean age
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Figure 8. The ratio NBSS/NRGB is plotted against the radial distance in the units of core radius, rc, for each cluster. The bin sizes are
selected such that all bins have at least 1 BSS except the end bins where there are no BSS left. Only the BSS and RGB in the same
magnitude range for a given cluster are used for this analysis. The error bars represent Poisson errors. The dip statistic, D, and the
p-value from the dip test for bimodality are mentioned on the plots.
of the globular clusters (=12 Gyr) (Forbes & Bridges 2010)
similar to that done by Ferraro et al. (2018). The best-fit
relation for our open clusters data-points, shown as a blue
dashed line, is:
log(Nrelax) = 1.43(±0.42) log(rmin/rc) + 0.97(±0.17) (1)
The errors are calculated from the covariance matrix of
the fit and are used to plot the shaded blue region. The cor-
relation confirms that the observed parameter, rmin, does
reveal the true dynamical status of the clusters. Interest-
ingly, the slope of the fitted open cluster correlation turns
out to be in agreement, within the errors, to the slope of the
previously known correlation of globular clusters (Ferraro et
al. 2012)3, shown as red dashed line:
log(Nrelax) = 1.09(±0.16) log(rmin/rc) + 0.7(±0.17) (2)
As our open cluster data-points share a common parame-
ter space as the globular cluster data-points, we attempt a
combined fit for both the clusters, and the correlation (black
3 Ferraro et al. (2012) reported a correlation between log(trc/tH)
and rmin/rc, where tH is the Hubble time, for 21 coeval glob-
ular clusters that are included in Lanzoni et al. (2016), as:
log(trc/tH) = −1.11log(rmin/rc) − 0.78. Ferraro et al. (2012)
noted that using individual globular cluster ages in place of the
Hubble time, does not change the correlation. As we are fitting
here Nrelax for these 21 globular clusters, our values of the slopes
and intercepts of the globular cluster correlation are positive.
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Figure 9. The correlation between the location of minima in the
BSS radial distributions, rmin/rc, and the number of current cen-
tral relaxations occurred since cluster formation, Nrelax, for five
open clusters (blue filled circles) and 21 globular clusters (red
filled circles) of Ferraro et al. (2012) for which data has been
taken from Table 1 of Lanzoni et al. (2016). The open cluster cor-
relation shown as a blue dashed line, with errors calculated from
the covariance matrix of the fit and shown as the blue shaded
area, has a slope that is consistent within the errors, to the slope
of the globular cluster correlation (red dashed line), but has a
slightly larger intercept. The combined correlation, fitted to both
the open and globular clusters, is shown as a black dashed line.
The red and gray shaded areas show the errors of the globu-
lar cluster correlation, and the common correlation of open and
globular clusters, respectively.
dashed line) is given as:
log(Nrelax) = 0.96(±0.14) log(rmin/rc) + 0.89(±0.14) (3)
The open cluster correlation equation 1 has a higher
intercept. This could be due to the structural differences in
the two kinds of clusters which give rise to longer relaxation
times for globular clusters, or could be a signature of other
factors, such as dominance of different formation channels of
BSS in the two kinds of clusters (discussed further in Sec. 5).
In order to obtain a more constrained correlation for open
clusters, we certainly need to analyze more open clusters
with reasonable numbers of BSS (In preparation, Rao et al.
2020).
5 DISCUSSION
The Gaia DR2 data has made it feasible to identify secure
cluster members using the precise proper motions, paral-
laxes, and radial velocity information that it provides. We
evolve a criteria of membership determination by the com-
bined use of all these parameters along with the informa-
tion of confirmed members of the clusters found in the lit-
erature. Our membership criteria has been fixed by using
various selection ranges in proper motions and parallaxes,
and after arriving at a compromise between minimizing the
visible contamination on the CMDs and maximizing the re-
trieval of known members of the clusters by our criteria. The
mean of the proper motions of our members, determined by
fitting the Gaussian functions as well as by employing the
mean shift-based algorithm, match very well with the mean
proper motions of the known members of the clusters. The
mean distances of our bright (G ≤15 mag) members are in
excellent agreement with the mean distances of the known
members of the clusters. In five of our clusters, we retrieve
90–100%, and in the remaining two clusters, 80–90% of all
previously known members, most of which are RGB stars,
but in some clusters they also include main-sequence stars
below the turn-off point. Our membership criteria maybe
stringent as we do miss a small fraction of the confirmed
giants and BSS stars, however, since our analysis is based
on the BSS and the reference population (RGB) having the
same magnitude range, our incompleteness in both the pop-
ulations is expected to be comparable and hence irrelevant
to the analysis presented here.
There are large inconsistencies in AL07 BSS candidates.
From our matched clusters, 40–60% of the AL07 BSS are
found non-members. Thus a membership analysis of cluster
members using kinematic information, such as that provided
by Gaia DR2, is very important to study BSS populations of
open clusters. In the clusters with spectroscopically known
BSS, NGC 188, NGC 6791 and NGC 6819, we retrieve 70–
100% of the BSS but lose up to 30% BSS due to our stringent
kinematic selection criteria. At the same time, we find 8 new
BSS candidates in NGC 188, 30 new BSS candidates in NGC
6791 and 2 new BSS candidates in NGC 6819. Among our
new BSS candidates of these three clusters, the fraction of
non-members are 12% in NGC 6791 and 20% in NGC 188,
and a significant 66% in NGC 6819. The crowdedness along
the line of sight for NGC 6819 (Figure A3) explains the high
field star fraction in case of this cluster. A radial velocity
follow-up of the identified BSS candidates is necessary for
membership confirmation.
BSS radial distributions can be exploited to learn about
the dynamical ages of the clusters. The common feature of
bimodal BSS radial distributions in globular clusters (Fer-
raro et al. 2012; Beccari et al. 2013) has been reproduced us-
ing the numerical simulations by Mapelli et al. (2004, 2006)
and Lanzoni et al. (2007). These numerical simulations have
shown that the central peak in the radial distribution can be
attributed to both, formation of collisional BSS in the dens-
est regions of the cluster and to sinking of mass-transfer
binaries in the central regions as a result of mass segrega-
tion. The secondary maxima occurring in the outskirts of
the clusters, on the other hand, is attributed to BSS gen-
erated by primordial binaries via the mass transfer process
in a largely non-interactive manner from other cluster stars.
Whereas this observational signature of mass segregation has
long been recognized and extensively exploited as an accu-
rate dynamical clock in globular clusters, we present the first
similar analysis for multiple open clusters and notice an ex-
tension of such a correlation in open clusters.
NGC 2158 is the most dynamically evolved cluster as
per our analysis. Its short relaxation time corroborates our
finding that the effect of dynamical friction has significantly
altered the initial distribution of its most massive popula-
tion up to more than half of its radius (rmin = 5.5
′). NGC
2158 has been known to be an interesting cluster possess-
ing a globular cluster like core (Arp & Cuffey 1962), low
metallicity, [Fe/H]=−0.64, a young age of 1–2 Gyr (Car-
raro, Girardi & Marigo 2002), and location in the Galactic
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plane. Our result provides first direct evidence of the clus-
ter having an old dynamical age despite being a relatively
young open cluster (1.9 Gyr), among the youngest we study
in this work.
We find that NGC 188 is the second most dynamically
evolved cluster. Even though the dip in the minima in NGC
188 occurs at a smaller core radius (3.25rc) as compared to
its location in NGC 2158 (4.0rc), NGC 188 has the highest
central peak in the distribution, higher by a factor of 3–5
times from most clusters and higher by a factor of 1–2 times
from NGC 2506. Our finding is consistent with the previous
knowledge that NGC 188 is a dynamically evolved cluster as
shown by Geller, Hurley & Mathieu (2013) based on N-body
simulations of the cluster alongside the observational data of
the cluster. Melotte 66 and NGC 2506 appear of comparable
dynamical age from their BSS radial distribution as is also
confirmed by their relaxation times.
Based on their flat radial distributions, Berkeley 39 and
NGC 6819 may be classified as Family I type clusters. The
theoretically estimated values of Nrelax for these two clusters
(see Table 3), however, suggest that these two clusters are
dynamically evolved. With these Nrelax values of Berkeley
39 and NGC 6819, their rmin are predicted to be 4.36rc and
2.75rc, respectively, following the open cluster correlation
(Eq. 1). In Berkeley 39, however, all the BSS of the clus-
ter can be seen to be already segregated to cluster regions
within r ∼3rc, i.e. smaller than the predicted rmin. This
indicates that Berkeley 39 has undergone mass segregation
and is dynamically evolved, and could in fact be a Family
III cluster. The RGB stars of this cluster too are segregated
to inner cluster regions with radial distances smaller than
∼4rc. With the segregation of two of its most massive stel-
lar populations complete to regions within the inner half of
the cluster radius, i.e. ∼7.36rc (or 14′), this cluster is in-
deed dynamically evolved. Without a clear central peak in
the BSS radial distribution though, Berkeley 39 cannot be
definitively classified as a Family III cluster. In the cluster
NGC 6819, we do not see a minima in the BSS radial distri-
bution at the predicted rmin ∼ 2.75rc of the cluster. Thus,
with the current data that we use, we are unable to com-
ment on whether NGC 6819 is likely a Family II cluster or a
Family I cluster as its radial distribution shows. With radial
velocity information for our BSS and RGB candidates, it
may be possible to revisit the Family classification of Berke-
ley 39 and NGC 6819.
The location of minima in BSS radial distributions of
globular clusters has been shown to work as the “hand” of
the dynamical clock by Ferraro et al. (2012). For the first
time in the literature, we investigate whether BSS radial dis-
tributions of open clusters do also work as accurate probes
of dynamical ages of clusters. Though we have only five open
clusters with bimodal BSS distributions, we clearly see a pos-
itive correlation between rmin/rc and the dynamical ages of
the clusters, quantified here by NRelax, the number of cur-
rent central relaxations experienced by clusters during their
age. This correlation confirms that BSS radial distributions
are sensitive probes of dynamical evolution in open clusters
as well.
Our best-fit open cluster correlation is comparable to
the previously known globular cluster correlation in its slope,
but has a higher intercept. A possible reason for an offset
in the two intercepts could be pertaining to the structural
differences among the two kinds of clusters. Apart from the
vast differences in the numbers of stars, metallicity, and stel-
lar density in these two kinds of clusters, there are also large
variations in their sizes. For example, the most evolved Fam-
ily II cluster (Radius ∼8rc) in our sample has its rmin equal
to 4.0rc. Indeed as can be seen in Kharchenko et al. (2013),
the radii of most open clusters are typically smaller than
ten times the King’s core radii of these clusters. An impli-
cation of the small sizes of open clusters is that, the range
of rmin in Family II open clusters will vary between 0 and
∼10rc. Clusters with rmin greater than ∼10rc would have
already transitioned to Family III type. This is unlike Fam-
ily II globular clusters which show a much larger range of
rmin (0–100rc; see Fig. 9). The offset in the two intercepts
might also hint at the dominance of different formation chan-
nel in the two kinds of clusters. As shown by Chatterjee et
al. (2013, and the references therein) stellar collisions are
shown to contribute to BSS formation in dense cluster en-
vironments such as in globular clusters and in the cores of
open clusters. However, collisions are not considered to be
the dominant formation channel in open clusters (Leonard
1996; Hurley, et al. 2005; Perets & Fabrycky 2009). Most
notably, in two open clusters, M67 and NGC 188, radial
velocity surveys have shown a much higher binary fraction
in BSS, 60±24% and 76±22% respectively (Latham 2007;
Geller et al. 2008). We stress that extending similar anal-
ysis to a larger sample of open clusters containing reason-
able number of BSS populations, as well as confirmation of
membership of BSS candidates by new radial velocity ob-
servations, would be important steps in further improving
our knowledge of this correlation in open clusters. Such a
correlation, if established, would serve as the basis for the
use of BSS radial distributions as direct indicators of the
dynamical evolution of open clusters.
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APPENDIX A: ADDITIONAL FIGURES
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16 K. Vaidya et al.
Figure A1. The left panel shows a scatter diagram of proper motions of sources within 10′. The rectangular region on this panel shows
our initial range of proper motions fixed by visual examination of the distributions. The two middle panels show the histograms of proper
motions in RA and DEC of the selected sources, respectively. The fitted Gaussian functions are overplotted on the distributions. The
right panels show the distribution of proper motions of selected sources, with the proper motions of previously confirmed spectroscopic
members shown as red open circles, and their mean position shown with a red filled circle. The peak position calculated from the mean
shift algorithm is shown as a black plus symbol.
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Figure A2. The parallax distribution of proper motion selected sources is shown in blue histogram. The orange histogram shows the
parallax distribution of proper motion selected sources with their parallaxes within the range ω¯ ±3∆ω¯, where ω¯ is the mean Gaia DR2
parallax, and ∆ω¯ is the mean error in the Gaia DR2 parallaxes of the previously known, spectroscopically confirmed members of the
clusters.
MNRAS 000, 000–000 (2020)
18 K. Vaidya et al.
Figure A3. The radial distributions of sources following the proper motion and parallax ranges of selection of cluster members. The
estimated cluster radii (R) and tidal radii (rt) are marked on the figures.
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Figure A4. The left panels show the result of the mean shift clustering algorithm to determine the cluster center. The middle and the
right panels show the frequency distributions of cluster members in RA and DEC, and a Gaussian function fitted to the distribution.
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Figure A5. The radial density profile of the cluster members are shown with King’s function fitting. The error bars represent 1σ Poisson
errors.
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Figure A6. The CMDs of the clusters are shown with PARSEC isochrones. Our BSS marked as blue solid squares, BSS from AL07 are
marked as green open triangles, and BSS known with spectroscopy data in the literature are marked as magenta open circles. Previously
known spectroscopically confirmed members of the clusters are marked as black open circles. Our RGB populations are marked as red
solid squares.
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